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Introduction: 

The Her-2/neu gene encodes a 185 Kd transmembrane receptor tyrosine kinase, which has partial 

homology with other members of the epidermal growth factor receptor (EGFR) family. Her-2 

monomers dimerize or oligomerize with themselves or other members of the EGFR family and 

phosphorylate many downstream molecules, which leads to activation of a variety of signal 

transduction pathways (1, 2, 3, 4). Some of the well-known pathways are the PI3K/AKT, 

MAPK, cAMP/PKA (2, 3). Each of these pathways contributes to cell proliferation and cell 

survival. Oncogenic transformation by Her-2 is caused by disruption of cell cycle regulators 

(p21, p27), increased p53 degradation, stimulation of Wnt and NF-kB signaling pathways 

(reviewed in 5). Her-2 is overexpressed in brain, head & Neck, pancreatic, colorectal, prostrate, 

ovarian and most significantly in breast cancers (1, 6, 7, 8, 9). Thirty percent of all breast cancers 

show overexpressed Her-2, which causes a highly intractable malignant cancer phenotype and 

almost always spells out poor prognosis and therapeutic outcome (10, 11). Recent advances in 

the development of specific Her-2 targeting drugs like the antibody Herceptin have raised hopes 

for a better prognosis of Her-2 up-regulated cancer phenotype (12). However, development of 

resistance to Herceptin and other drugs is cause for concern. There is a great need for developing 

newer and more effective therapeutics is that target Her-2 at a primordial level, for example- 

during transcription of Her-2. Such therapeutics, while showing greater specificity, may also not 

be susceptible to the development of resistance since a transcriptional repressor of Her-2 would 

effectively reduce the levels of Her-2 and shut down important survival signaling pathways. 

Summary of work from previous annual reports: 

In the first year of report, I had shown that the unique DNA binding molecules called hairpin 

polyamides possess extremely high specificity and affinity for targeted DNA sequences. I had 

characterized the DNA interactions of two of these molecules (HPA-1 and HPA-2) using a high 

throughput methodology called REPSA and verified them using high resolution DNase I 

footprinting assays (figures 2 and 3 in 2002 annual report). The findings from this work have 

been published in the journal Biochemistry, 2003, The hairpin polyamide HPA-1 shows high 

specificity and affinity of interaction with the sequence '5-AGTATA-3', which is also part of 

the Her-2/neu promoter TATA box sequence. I have shown through an electrophoretic mobility 

shift assay (EMSA) that HPA-1 binds strongly to the TATA box sequence of the Her-2 promoter 



and competitively inhibits the binding of basal transcriptional machinery with the TATA box 

(figure 4A in 2002 annual report). But HPA-1 shows weak in vivo inhibition of Her-2 

transcription in cultured breast cancer cells (figure 4B in 2002 annual report, figure 1A in 2003 

annual report). Due to this limitation, extremely high concentrations of HPA-1 are required to 

show therapeutic levels of Her-2 transcriptional inhibition. In our effort to develop potent Her-2 

transcriptional inhibitors, we had introduced recombinant proteins, which show potent 

transcriptional repression of the Her-2 promoter activity. These recombinant proteins contain a 

strong transcriptional repression domain called KRAB (kruppel associated box) fused to a full 

length or DNA binding domain of AP-2alpha protein which, when introduced into cells, bind to 

the AP-2 binding sites in the Her-2 promoter. The domain structure of these recombinant fusion 

constructs is shown in Figure 1. 

In about 70 % of Her-2 over-expressing cancers, AP-2 is also over-expressed and is known to 

activate Her-2 transcription, leading to aggressive growth of tumors. In the 2003 annual report, I 

showed through luciferase-reporter assays and immuno-fluorescence assays that expression of 

KRAB-AP2 recombinant fusion proteins KAP2 and KAP2r from plasmid constructs antagonizes 

the activation of Her-2 by AP-2, leading to repression of Her-2 transcription in breast cancer 

cells (figures IB, 1C, ID and 2 in 2003 annual report). This transcriptional repression resulted in 

decreased proliferation of Her-2 over-expressing cancer cells, but not the Her-2 normal cancer 

cells or normal breast epithelial cells (figure 3A in 2003 annual report). The hairpin polyamide 

HPA-1 however did not induce a strong repression of Her-2 activity (figure 1A in 2003 annual 

report) nor did it show a strong inhibition of cancer cell proliferation (figure 3B in 2003 annual 

report). A TUNEL (terminal deoxynucleotidyl transferase) assay showed that the decreased 

cancer cell proliferation in presence of the KRAB-recombinants was a result of apoptosis in the 

Her-2 over-expressing cells (figure 5 in 2003 annual report). 

In the current report, we present detailed analysis of the expression of KRAB-recombinant 

constructs in SkBr-3 cells and show that apart from Her-2, these constructs affect other programs 

of gene expression that are important for cell growth and proliferation, leading to an overall 

effect of reduced proliferation and finally resulting in apoptosis of the cells. 



BODY 

Specific aims for the year of report. 

A. Determination of the effect of Her-2 downregulation on the proliferative and 

physiological response of Her-2 over-expressing cancer cells. 

B. Responsiveness of chemo-resistant breast cancers to chemotherapy in presence of 

the KRAB recombinant proteins. 

Studies and results: 

Determination of the effect of Her-2 downregulation on the proliferative and physiological 

response of Her-2 over-expressing cancer cells. 

We had earlier used the WST-1 assay system (modified MTT assay which has superior 

sensitivity for cell proliferation studies) to show the effect of the KRAB-recombinants and HPA- 

1 on cancer cell proliferation (figure 3A and 3B in 2003 annual report). We also showed that 

KAP2 and KAP2r, when used in combination with HPA-1 induce synergistic inhibition Her-2 

promoter activity (figure 1C in 2003 annual report) and a strong inhibition of cancer cell 

proliferation (figure 3C in 2003 annual report). 

However, the proliferation assays carried out until now could reveal only partial effects because, 

in these experiments, only a fraction of the plasmid-transfected cells express the KRAB- 

recombinant proteins (in transient transfections using Fugene reagent). But the proliferation 

assays reveal information on transfected as well as untransfected cells. Hence, in these assays, 

absolute values of proliferation inhibition in cells that express the KRAB-recombinant proteins 

could not be obtained. In order to see the effect of KAP2 and KAP2r expression in only the 

transfected cells, we carried out a FACS (fluorescence activated cell sorting) analysis. Her-2 

over-expressing SkBr-3 and Her-2 normal MCF-7 breast cancer cells were transfected with the 

plasmids expressing AP2, KAP2 or KAP2r and incubated for a period of 48 h. After the 

incubation, the cells were dissociated from the surface using a cell dissociation buffer (Life 

Technologies) and fixed with formaldehyde. The fixed cells were incubated for two hours with a 

FITC-tagged anti-FLAG antibody which recognizes a FLAG epitope on the recombinant AP-2 

and KRAB-AP2 proteins. The cells were washed in phosphate buffered saline three times and 

then treated with propidium iodide. A cell cycle profile based on propidium iodide staining was 

generated for the cells. Cell cycle profiles of the FITC positive and FITC negative cells were 



separated and plotted. The plots of the FITC positive cells would specify the cell cycle profile of 

a homogeneous population of the transfected cells that express the recombinant proteins. Shown 

in Figure 2, the different phases of the cell cycle are indicated as Ml (Gl phase), M2 (S phase), 

M3 (G2/M phase) and M4 (sub-Gl or apoptotic phase). The AP-2 transfected cells show 

moderate or basal level of apoptosis as observed in untransfected SkBr-3 cells, while the KAP2 

and KAP2r transfected cells show high levels of apoptosis, as indicated by an increase in the 

sub-Gl population of the cells. MCF-7 cells however, do not show appreciable levels apoptosis 

in the presence of neither AP-2 nor KAP2 and KAP2r (Figure 3). 

To substantiate the apoptosis caused by the KRAB-recombinants, a caspase assay was carried 

out in SkBr-3 cells transfected by these recombinants. In this assay, the cells were transfected 

with the plasmids expressing the recombinants and split into three sets of triplicates for each 

transfection. These were plated in 96 well plates and incubated for 40 h. After the incubation, the 

first set of triplicates was left untreated, the second set was treated with the caspase inhibitor z- 

VAD-FMK and the third set was treated with the apoptosis inducing ligand, TRAIL. After 8h 

(total 48 h incubation), the cells were processed using the Apo-One Caspase 3/7 assay system 

(Promega). In this caspase detection system, the cells are lysed, treated with a rhodamine tagged 

caspase 3/7 substrate (z-DEVD-R110) and incubated to allow caspase 3/7 cleavage of the 

substrate, which releases the rhodamine tag. Fluorescence quantification of this released 

rhodamine using absorption-485nm and emission-530nm wavelengths provides a direct measure 

of effector caspase activity, which in turn gives an indirect estimation of apoptosis. The data 

plotted in Figure 4 shows that the control plasmid transfected cells show a basal level of caspase 

activity after 48 h. The pan-caspase inhibitor z-VAD-FMK inhibited this caspase activity. This 

caspase inhibitor serves as an additional control to monitor fluorescence increase as authentic 

caspase activity. The apoptosis inducing ligand, TRAIL, which also serves as a control for 

monitoring caspase activity, increased caspase activity in the control cells, indicating apoptosis. 

Another control, which was transfected with a plasmid expressing only the KRAB domain also 

shows a similar effect. The AP2 transfected cells showed a small increase in caspase activity, 

while z-VAD-FMK and TRAIL in these cells showed similar effects as in the control. However 

the KRAB-recombinant proteins showed a very strong increase in caspase activity, indicating 

increased apoptosis in their presence. z-VAD-FMK inhibited this caspase activity to a greater 

extent, while TRAIL showed a high activity in these cells, indicating an overall increase in 



apoptosis in the cells. The lower levels of caspase activity in the KRAB-recombinant transfected 

cells compared to the TRAIL treated cells is because of the limitation of transfection efficiency. 

The recombinants transfect only a fraction of the cells (-20%), while TRAIL essentially enters 

all cells. The limitation of transfection efficiency is common to all gene based therapeutics. 

While this limitation would adversely affect therapeutic usefulness, a pragmatic analysis of 

anticancer efficacy vis-ä-vis toxicity should be conducted to evaluate any gene therapeutic. 

However, with continual advances in gene delivery mechanisms and tumor targeting methods, 

the therapeutic usefulness of gene-based systems could not be over-emphasized. 

I had earlier carried out a colony formation assay to understand the effect of KRAB-recombinant 

expression on the proliferation of SkBr-3 cells. The data revealed that while cells transfected 

with AP-2 could form equal number of colonies as compared to cells transfected with a control 

plasmid in a G418 antibiotic restrictive environment, KAP2 and KAP2r could form only a few 

colonies (figure 4 in 2003 annual report). Western analysis revealed that the surviving colonies 

in the KAP2 and KAP2r transfected plates do not express the recombinant protein, strongly 

suggesting that while AP-2 expression provides a growth advantage to SkBr-3 cells, KAP2 and 

KAP2r provide a growth disadvantage. The same experiment carried out using MCF-7 cells also 

shows a similar trend, but not as pronounced as in SkBr-3 cells (Figure 5). 

Because the KAP2 and KAP2r constructs confer a growth disadvantage to the cancer 

cells, I could not generate any stable clones of SkBr-3 cells that constitutively express these 

recombinant proteins. But in order to perform experiments for understanding the effect of the 

KRAB-recombinant proteins on cell physiology, one must have a homogeneous population of 

cells expressing these proteins. To do this, I developed a novel, yet simple FACS based 

methodology that would rapidly sort out transfected cells as a homogeneous population. In this 

methodology, the plasmid expressing a recombinant construct is transiently co-transfected into 

cells along with a GFP (Green Fluorescent Protein) expression vector and the GFP positive cells 

are selected by FACS. Co-transfection of cells with a 2:1 mix of recombinant plasmid and GFP 

vector with Fugene reagent has consistently shown that >99% of the FACS selected cells express 

the recombinant proteins. Up to a million positive cells can be isolated from cultures having low 

transfection efficiencies. Biochemical analysis (northern blotting, RT-PCR, western blotting) of 

these cells after 24 h to 36 h of transfection has excellent advantages compared to stable 

transfections. These advantages are enumerated below- 



1. Due to mostly extra-chromosomal expression, the plasmids do not induce genetic variations 

in the cells and low levels of GFP expression do not have any noticeable effect on cellular 

physiology. 

2. A short period of high-level expression is preferable for invoking targeted activity rather 

than a long-term stable expression that could possibly induce generalized effects and alter the 

genetic and physiological properties of cells. 

3. The levels of recombinant protein expression in the cells can be controlled by the amount of 

plasmid being transfected. 

4. Current inducible expression systems show leaky expression in un-induced cells. Leaky 

expression of AP-2 from un-induced cells has been reported to possess quantifiable 

transcriptional effects. 

5. Virally transduced cells show immunogenic responses, which could interfere with the study 

of recombinant proteins. 

Whole cell lysates were made from these sorted cells and tested for the levels of Her-2 and 

various other proteins involved in cell cycle regulation and malignant transformation using 

western blotting. The data shows that cells transfected with KAP2 and KAP2r have lower levels 

of Her-2, VEGF and Cyclin Dl and higher levels of the cell cycle regulator p27 but not p21 

(Figure 6A). 

To understand if the changes in the protein levels were caused by transcriptional regulation, 

RNA was purified from these cells and reverse transcribed into cDNA. A semi-quantitative PCR 

analysis was carried out using this cDNA. The results of the semi-quantitative PCR analysis 

show that the mRNA levels of Her-2, VEGF and cyclin Dl are indeed reduced, strongly 

indicating that the observed reduction in the levels of the respective proteins is due to 

transcriptional repression (Figure 6B). 

Responsiveness of chemo-resistant breast cancers to chemotherapy in presence of the KRAB 

recombinant proteins. 

We carried out WST-1 cell proliferation assays to characterize the effect of the cancer 

chemotherapeutic drug, doxorubicin, on SkBr-3 cells transfected with the KRAB -recombinant 

plasmids. Cells were cultured in 24 well plates and transfected with the plasmids in triplicates. 



After 48 h, 100 nM doxorubicin was added to the cells and the incubation was continued for 

another 24 h to complete a total incubation period of 72 h. The procedure is described in the 

legends section. The data shows that doxorubicin induces an additive decrease in proliferation of 

the cells in presence of all constructs. This suggests that rather than a strong synergistic effect, 

the combination therapy of drug and KRAB-recombinant protein show a weak synergy. 

However, the additive effect may be highly beneficial for cancer therapy since the KRAB- 

proteins themselves show extremely potent inhibition of cancer cell proliferation. Note that the 

bar graphs represent proliferation changes in all the cells, while only a fraction of the cells 

(-20%) are transfected by the plasmid construct. In its present context, the data would be good 

representation of in vivo combination therapy because present day gene delivery systems would 

also deliver a therapeutic gene to only a fraction of the cells. However, it is desirable to develop 

better gene delivery systems for cancer therapy. 

Key research Accomplishments: 

Research accomplishments during the first year of report: 

1. I used a high throughput screen (REPSA) to identify DNA sequences that bind to hairpin 

polyamides with highest affinity and specificity. 

2. I also identified a hairpin polyamide (HPA-1) that shows strong interaction with the 

TATA box of the Her-2 promoter. Through an EMS A experiment, I showed that HPA-1 

could displace the primary transcription apparatus (TBP in the TFIID complex) from 

binding to the Her-2 core promoter. 

3. Luciferase reporter assay using a Her-2 promoter construct showed that HPA-1 indeed 

down-regulates Her-2 promoter activity, albeit at low levels. Co-transfection of the cells 

with the recombinant KAP2 repressor protein showed a higher fold down-regulation of 

the Her-2 promoter. This suggested that the AP-2 binding site is an important target for 

down-regulating Her-2/neu expression and also that the KAP2 repressor may have 

potential as a gene therapeutic. 

Research accomplishments during the second year of report: 

1. Through luciferase-reporter assays, I showed that HPA-1 and the KRAB-recombinant 

proteins could inhibit the transcriptional activity of the Her-2 promoter. Immuno- 

10 



fluorescence studies showed that the endogenous Her-2 expression was dramatically 

repressed by the KRAB-repressor proteins. 

2. The hairpin polyamide HPA-1 by itself was not very effective in inhibiting the 

proliferation of Her-2 over-expressing breast cancer cells. The KRAB repressor proteins 

however were more effective in inhibiting the proliferation of the Her-2 over-expressing 

cells, but not Her-2 low expressing cell lines. Combination of both HPA-1 and the 

repressor proteins had a strong effect on the proliferation inhibition. 

3. The KRAB-recombinant proteins strongly inhibited colony formation in Her-2 over- 

expressing SKBR-3 cells. In a TUNEL assay, the KAP2 and KAP2r transfected SkBr-3 

cells showed apoptotic death. These results strongly suggest that proliferation inhibition 

by the KRAB repressor proteins could probably be due to the induction of programmed 

cell death. In the next year of report, detailed apoptosis assays would be carried out in the 

cells treated with the KRAB constructs and HPA-1 to determine how these agents cause 

apoptosis. This knowledge could provide impetus for their therapeutic development. 

Research accomplishments during the current year of report: 

1. Using FACS analysis, I was able to analyze proliferation inhibition by the KRAB- 

recombinants in a homogeneous population of the transfected cells. The high percentage 

of cells in sub-Gl phase of the cell cycle indicates that proliferation inhibition by KAP2 

and KAP2r is due to apoptosis induction. This conclusion was substantiated through a 

caspase 3/7 detection assay, in which increase in caspase activity was monitored in 

presence of these constructs. 

2. I carried out a colony formation assay in MCF-7 cells, similar to that reported earlier in 

SkBr-3 cells(figure 4, 2003 annual report). The data indicates that the KRAB- 

recombinants do not induce a sharp reduction in colony formation in the low Her-2 

expressing MCF-7 cells. But the cells still seem to possess a growth disadvantage, 

indicating that apart from Her-2, other programs of gene expression relevant to cancer 

cell survival may be adversely affected by the KRAB-recombinants. 

3. I developed a rapid FACS based transfectant screening protocol for isolating a 

homogenous population of transfected cells that express the KRAB-recombinants. Using 

these cells, I carried out western and semi-quantitative RT-PCR analysis for identification 

11 



of changes in the expression levels of Her-2 and other cell survival and cell cycle 

regulatory proteins. The goal was to identify other genes and programs of gene 

expression that are repressed by the KRAB-recombinants. I have successfully identified 

that the expression of VEGF and cyclin Dl, along with Her-2 are affected by the KRAB- 

recombinants. This strongly suggests that other survival genes are also repressed by the 

KAP2 and KAP2r. 

4. Treatment of Her-2 over-expressing breast cancer cells with a combination of KRAB- 

AP2 constructs and doxorubicin did not induce a synergistic effect (where the combined 

effect of two different therapeutics would have a geometric rather than an additive 

effect). This however may be an expected result since most of the transfected cells would 

anyway apoptose. Interpretation of this result as synergistic or additive is complicated by 

the fact that only a few cells are transfected by the plasmids, while doxorubicin 

essentially enters all cells. 

Publications 

Y.N. Vashisht Gopal and Michael W. Van Dyke 

"A Combinatorial Determination of Sequence Specificity for Nanomolar DNA-binding Hairpin 

Polyamides". 

Biochemistry, 2003 Jun 10;42(22):6891-903. 

Reportable outcomes 

Publications: 
Y. N. Vashisht Gopal and Michael W. Van Dyke 

"Repression of AP-2 dependent transcriptional programs induces apoptosis in breast cancer 

cells." 

Manuscript under preparation for communication to EMBO Journal. 

Research projects and Grants: 

This work was directly responsible for the development of several research projects in our 

laboratory, some of which are funded. 
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Conclusions 

The hairpin polyamide HPA-1 is a DNA minor-groove binder with high affinity of interaction 

with the Her-2 core promoter. This molecule shows potent inhibition of TBP interaction with the 

core promoter. However, its in vivo activity was not as pronounced and it lacked therapeutic 

potential. The Her-2 promoter contains two AP-2 binding sites and the KRAB-AP2 recombinant 

proteins possessed exceptional affinity of interaction with the Her-2 promoter, due to their 

inherent helix-span-helix DNA binding domain of AP-2. The KAP2 and KAP2r proteins show 

potent inhibition of Her-2 promoter activity as was judged from Her-2 promoter reporter studies. 

Western and semi-quantitative RT-PCR analysis revealed that these proteins indeed show potent 

inhibition of Her-2 transcription. They also repress the transcription of other survival genes like 

cyclin Dl and VEGF. 

Unlike AP-2, which seems to induce a growth advantage to Her-2 overexpressing cancer cells, 

the KRAB-AP2 recombinants seem to induce a growth disadvantage. This is expected since they 

repress the expression of several survival proteins necessary for cancer cell growth and 

proliferation. Proliferation studies using WST-1 assays, FACS-cell cycle profile experiments and 

caspase assays showed that the KRAB-recombinants inhibit cell proliferation and induce 

caspase3/7 mediated apoptosis. 

In summary, the KRAB-AP2 recombinant proteins possess the potential to be used as gene 

therapeutics for Her-2 over-expressing breast cancers. We are currently planning to expand the 

research for animal studies to determine their in vivo efficacy. 
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